Abstract Based on the shell-model Monte Carlo method and random phase approximation theory, the neutrino energy spectrum (NES) Cr and 56 V respectively at ρ 7 = 10.7, Y e = 0.45 and T 9 = 15. Furthermore, the influence on NES due to EC for different nuclei has some otherness because of different Q 0 -values. For example, the spectrum of 56 Co shows a double bump structure.
INTRODUCTION
The emission, scattering and energy loss of neutrinos have great importance in astrophysics. The neutrino energy loss (NEL) due to electron capture (EC) plays an important role in the process of supernova explosions. The neutrinos not only transport an enormous amount of energy outward, but also carry a lot of information about their stellar interiors. Thus, it is very important to investigate the NEL and the neutrino energy spectrum (hereafter NES) that occur in EC reactions, especially for some iron group nuclei.
Weak interactions (e.g. EC and beta decay) play a central role in the final evolution of massive stars. The EC rates of nuclides 56 Fe, 56 Co, 56 Ni, 56 Mn, 56 Cr and 56 V are a very important and dominant factor during the process of supernova explosions. Pioneering works on EC rates were investigated by some authors (Aufderheide et al. 1990 (Aufderheide et al. , 1994 Langanke & Martinez-Pinedo 1998; Liu 2012 Liu , 2013a Fuller et al. 1982) under the conditions of a supernova-like explosion. Liu & Luo (2007a,b) ; Liu et al. (2007a,b) ; Liu & Luo (2008a,b,c) ; Liu (2010a,b) ; Liu et al. (2011) also discussed the NEL and weak interactions of some iron group nuclides in presupernova conditions.
Due to the importance of nuclides 56 Fe, 56 Co, 56 Ni, 56 Mn, 56 Cr and 56 V in astrophysical surroundings, in this paper we focus on these nuclides and investigate their NES due to EC according to the shell-model Monte Carlo (SMMC) method, which has been discussed at length by Dean et al. (1998) . We also discuss the electron-capture cross section (ECCS) with the theory of random phase approximation (hereafter RPA). This paper is organized as follows: in the next section, we analyze the NES due to the EC process that occurs in stellar interiors. In Section 3 we discuss the effect of NES in 
THE NEUTRINO ENERGY SPECTRUM DUE TO EC IN STELLAR INTERIORS
The stellar EC rates for the k-th nucleus (Z, A) in thermal equilibrium at temperature T are given by a sum over the initial parent states i and the final daughter states f (Fuller et al. 1982 )
where J i and E i are the spin and excitation energies of the parent states and the EC rates from one of the initial states to all possible final states are λ if . G(Z, A, T ) is the nuclear partition function which is given by
According to the level density formula, when the contribution from the excited states is discussed, the nuclear partition function approximately becomes (Aufderheide et al. 1994 )
where the level density is given by (Holmes et al. 1976; Thielemann et al. 1986 )
with ζ(E, J, π) = 1 2
where a is the level density parameter and δ is the backshift (pairing correction). σ is defined as
where R is the radius and m u = 1 NA is the atomic mass unit. Based on the theory of RPA (Dean et al. 1998 ) with a global parameterization of the single particle numbers, the EC rates are related to ECCS σ ec by (Juodagalvis et al. 2010 )
where ε 0 = max(Q if , 1). p e = √ ε n − 1 is the momentum of the incoming electron with energy ε n , U F is the electron chemical potential and T is the electron temperature. Note that in this paper all of the energies and momenta are respectively expressed in units of m e c 2 and m e c, where m e is the electron mass and c is the speed of light.
The electron chemical potential is found by inverting the expression for the lepton number density
where ρ is the density in g cm −3 and µ e is the average molecular weight. λ e = h mec is the Compton wavelength, f −e = 1 + exp
and f +e = 1 + exp
are the electron and positron distribution functions respectively and k is the Boltzmann constant. The NES for a specific nuclear transition from i to f is given by the respective partial rate per energy interval. The total spectrum is then the sum over all possible transitions. The normalized neutrino spectrum is N ν (ε ν ), which is obtained by dividing by the total electron capture rate. Based on the calculation of the partial cross section, the NES of the emitted neutrinos due to EC reactions is given by (Langanke & Martinez-Pinedo 1998) 
where ε e = ε i − ε f + ε ν and p e is the corresponding momentum of the electron. The phase space factor is defined as
for an electron with energy ε n from an initial proton in the single particle state with energy ε i to a neutron in the single particle state with energy ε f . Due to energy conservation, the electron, proton and neutron energies are related to the neutrino energy and Q -value for the capture reaction (Cooperstein & Wambach 1984 )
so we have ε
whereμ = µ n −µ p , is the difference between the chemical potentials of the neutron and proton in the nucleus and
MeV is the mass difference between the neutron and the proton. Q 00 = M f c 2 − M i c 2 =μ + ∆ np , with M i and M f being the masses of the parent nucleus and the daughter nucleus respectively; ε * if corresponds to the excitation energies in the daughter nucleus at the states with zero temperature.
The total cross section for EC is (Dean et al. 1998 )
where g wk = 1.1661×10 −5 GeV −2 is the weak coupling constant and G A is the axial vector's formfactor which at zero momentum is G A = 1.25. The ε n is the sum of the total rest mass and kinetic energies; F (Z, ε n ) is the Coulomb wave correction which is the ratio of the square of the electron wave function distorted by the Coulomb scattering potential to the square of the wave function of the free electron.
S GT+ is the total amount of Gamow-Teller (GT) strength available for an initial state, which is given by summing over a complete set of final states in the GT transition matrix elements |M GT | 2 if . The SMMC method is also used to calculate the response function R A (τ ) of an operatorÂ at an imaginary time τ , by using a spectral distribution of initial and final states |i and |f with energies E i and E f respectively. R A (τ ) is given by (Langanke & Martinez-Pinedo 1998) 
Note that the total strength for the operator is given by R(τ = 0). The strength distribution is given by
which is related to R A (τ ) by a Laplace Transform,
Note that here E is the energy transfer within the parent nucleus, and that the strength distribution S GT + (E) has units of MeV −1 and β = 1 TN , where T N is the nuclear temperature. The EC rates are given by integrating the total cross section with the flux of a degenerate relativistic electron gas
The p 0 is defined as V as a function of T 9 at different astronomical conditions (ρ 7 is the density in units of 10 7 g cm −3 and T 9 is the temperature in units of 10 9 K). One can see the EC rates are affected greatly at different densities and temperatures. The rates increase greatly and even exceed six orders of magnitude at lower temperature. The lower the temperature, the larger the influence on EC is, because the electron energy is so low at lower temperatures that the EC rates can be strongly affected. On the other hand, owing to the fact that the electron energy is so high at higher temperatures, the higher the density, the smaller the influence on EC becomes. With an increase of the density, there are different effects on EC for different nuclides. This is caused by different Q-values and the orbital transitions. V as a function of neutrino energy at ρ 7 = 5.86 and Y e = 0.47 and temperature of T 9 = 7, 9, 11, 13 and 15. One can see the neutrino energy has different effects on NES at the same density and different temperatures. The higher the temperature, the larger the influence on NES is. The higher the temperature, the higher the peak value of the NES is, because the electron energy is so large at relatively higher temperatures that the EC rates are strongly affected. This would lead to more and more electrons being affected by the EC process. Furthermore, the GT transition is dominate in this process. From these figures, one can see that with an increase of the neutrino energy there are different effects on NES in the EC reaction for different nuclides due to a difference in the nuclide's threshold energy and orbital transitions in the EC reaction.
THE STUDY AND DISCUSSION OF EC RATES AND NES
Compared with the NES for these nuclides from three figures, except for 56 Co, we find that the NES values for the other five nuclei are very similar. The NES for the five nuclides peak around rather small neutrino energies 2 m e c 2 < E ν < 15 m e c 2 with a width of 5 m e c 2 < ∆E ν < 15 m e c 2 . Due to the negative Q 0 values for these nuclei, the EC reaction is blocked and requires many more electrons from the exponentially decreasing tail of the Fermi-Dirac distribution. Thus, the EC to low-lying states occurs in electrons with lower energies than the bulk of the GT strength, but both are accompanied by low-energy neutrinos.
Figures 6, 7 and 8 show the influence on the NES of these nuclides in different energy states by neutrino energies at ρ 7 = 10.7, Y e = 0.45 and T 9 = 15. One can see that the effect on NES is different for most of the nuclei at different energy states. The lower the electron energy state is, the higher the peak value of NES and the larger the influence on NES are. Due to the different energy values in different states for these nuclides, the influences on NES have a different expression at the same astrophysical conditions. According to our calculations, the peak values of NES are 9. Cr and 56 V in the ground states, respectively. By contrast, we can see the higher the energy of the excited state is, the lower the peak value is. From  Figures 3 to 8 , we can see that the Q 0 -value allows the EC reaction to occur with all energies for 56 Ni. However, the GT distribution in the daughter 56 Co is concentrated at low excitation energies, resulting again in a different neutrino spectrum. The NES in the EC reaction for 56 Mn, 56 Cr and 56 V does not produce a double-bump structure due to the negative Q 0 -value which favors emission of low-energy neutrinos because of the similarity in nuclear structure. However, we find the spectrum of 56 Co shows a double bump structure. This is caused by the positive threshold energy Q 0 in the EC process and the partial NES contributed by selected states in the parent nucleus 56 Fe. By analyzing the effect on NES by EC for the different nuclides, we find that the density and temperature have different effects on NES in the EC process for different nuclides because of the difference in the nuclide's threshold energy and transition orbits in the EC reaction. On the other hand, there are different effects on NES in the EC process for different nuclides owing to the difference in the nuclide's ground state and energy of different excited states. Cr and 56 V in presupernova conditions. The results show that the EC rates are greatly affected at different densities and temperatures. The rates greatly increase and even exceed six orders of magnitude at lower temperature. On one hand, the NES is very sensitive to the stellar temperature and electron energy of different states at different neutrino energy ranges. The higher the temperature and the lower the electron energy are, the larger the influence on NES is. For example, in the ground state, the peak value of NES is 9. 02, 160, 80, 24.01 and T 9 = 15. On the other hand, the NES for different nuclei shows some otherness because of the different Q 0 -values. For example, NES of 56 Co shows a double bump structure. As is well known, in the process of collapse and explosion in a massive star the NES is quite relevant and sensitive in simulations at every point in time and value for density and temperature in the stellar core. The neutrinos are mainly produced by EC and they play a key role. The emerging energy spectra are an important ingredient in the simulations. Due to the escape of a great number of neutrinos by the EC reaction, the NEL contributes one of the key aspects to research about the cooling mechanism in the process of stellar evolution. The NEL is also is very helpful for facilitating the collapse and the explosion of the supernova. Thus, the above conclusions can influence further research in nuclear astrophysics, especially related to the study of cooling systems in the late evolution of massive stars and in simulations of collapse and explosion.
CONCLUDING REMARK

